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Surplus variable photovoltaic (PV) generation should be coupled to storage as close as possible to its point of
generation to minimize grid stress and infrastructure expansion. This can be achieved by electrically coupling
and physically integrating batteries at the PV module level, an approach that has been shown to be feasible but
requires batteries adapted to PV-module-specific electrical and thermal operating conditions. In direct coupling,
the battery current is set by the instantaneous interaction of PV and battery current-voltage characteristic, and
the thermal conditions are dominated by the PV module temperature. Existing battery testing methods do not
fully address this requirement space for early-stage laboratory cells. Here, we present a flexible battery testing
framework that translates direct PV-battery coupling and PV-module thermal boundary conditions to laboratory-
scale batteries. The platform combines a software-controlled PV emulator with a programmable thermal chamber
to expose batteries to scaled PV I-V characteristics and PV-module-equivalent temperature profiles. It is
demonstrated using a Li-ion cell under a representative seven-day PV profile for Freiburg, Germany. The
emulator reproduces the target electrical conditions with cumulative charge and energy deviations of about
1.5%, while the tested configurations show PV-battery coupling efficiencies above 95%. The results demonstrate
the platform's potential for screening laboratory-scale batteries by assessing relative PV-battery sizing, voltage
matching, C-rate variation, state-of-charge swing, and direct-coupling behavior. The derived battery operating
time series is also provided as a simplified proxy for preliminary screening on conventional battery cyclers.

1. Introduction periods of surplus generation. Energy storage therefore becomes a crit-

ical enabling component for PV-dominated electricity systems. Batteries

Photovoltaic (PV) deployment continues to outpace projections [1]
and has the potential to become a dominant source of electricity [2].
However, further expansion is constrained by the intrinsic variability of
PV generation and its temporal mismatch with electricity demand,
which complicate large-scale adoption [3], particularly in weak-grid,
off-grid, and mini-grid contexts [4]. Because of the relatively low ca-
pacity factor of PV, high annual PV shares require installed peak ca-
pacities well above average demand, leading to increasingly frequent
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are particularly well suited for short-term shifting of PV electricity over
hours to days and are increasingly used to buffer variable renewable
generation [5,6].

At high PV shares, the placement of storage in the PV energy-delivery
chain becomes as important as storage type and capacity. Current PV-
battery deployment is still largely dominated by centralized ap-
proaches at the transmission-grid or district level [5]. However, this
approach is poorly aligned with the distributed nature of PV generation:
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surplus PV power must be aggregated from geographically dispersed
generators [7] and transported through grid infrastructure that is
already heavily utilized by routine electricity delivery [8-11]. Placing
storage closer to the point of generation can reduce these power peaks
before they enter downstream infrastructure. The most direct realization
is PV-module-level or directly coupled PV-battery storage, where the
battery captures variability at the origin of generation.

PV-module-level battery integration has two distinct but coupled
aspects: electrical direct coupling and physical integration. Electrically,
batteries are well suited for direct coupling to PV modules because, with
appropriate voltage matching, high coupling efficiency can be achieved
without maximum power point tracking or intermediate DC-DC con-
version. The feasibility of such direct coupling has been demonstrated in
theoretical and experimental studies [12-22]. At the module level,
direct coupling captures PV variability at the earliest point in the energy-
delivery chain, reduces output power peaks and the required power
rating of downstream system components, while maintaining approxi-
mately the same energy output [23]. Physically, PV-module-level inte-
gration is feasible in terms of battery volume and mass [24,25] but it
exposes the battery to PV-module-specific operating conditions. In
particular, PV modules operate over a wide temperature range, typically
from —10 °C to approximately +70 °C [24,26], while the battery
simultaneously follows charge-discharge profiles dictated by irradiance,
module temperature, state of charge, and load demand.

Mainstream batteries were not developed for this combined elec-
trical and thermal stress profile. Viable PV-battery modules therefore
require application-specific chemistries and cell designs, supported by
validation methods that test new candidates under module-equivalent
conditions before integration with actual PV devices. Such testing is
challenging because PV-module operation exposes the battery to
coupled irradiance-, temperature-, state-of-charge-, and load-dependent
conditions.

Existing testing approaches leave this requirement space largely
uncovered. Standard battery protocols use predefined current profiles
and simplified thermal conditions, while PV laboratory tests are short
and limited in irradiance and temperature range. Hardware-in-the-loop
(HIL) and power hardware-in-the-loop (P-HIL) platforms for battery
energy storage systems provide powerful tools for pack-, converter-,
control-, and grid-level validation, but are typically designed for larger-
scale BESS operation [27-31], not for early-stage cells or direct PV-
battery coupling, where the operating point is set in real time by the
interplay of PV and battery [—V characteristics. They also generally do
not address PV-module thermal conditions. Full PV-battery prototype
testing is more realistic, but resource-intensive, difficult to reproduce,
and requires batteries large enough for practical module coupling. This
creates a scaling gap with early-stage battery research, which is
commonly performed on mAh- or sub-mAh-scale laboratory cells.
Consequently, many emerging chemistries cannot be evaluated under
PV-module-relevant conditions when optimization feedback is most
needed.

Here, we address this gap by translating direct PV-battery coupling
to laboratory battery scale. A software-controlled PV emulator re-
produces scaled, field-relevant PV current-voltage characteristics from
selected irradiance and module-temperature time series, while a pro-
grammable thermal chamber imposes the corresponding PV-module
temperature profile. The emulated PV device can be defined from re-
ported I—V parameters and thermal coefficients, enabling both com-
mercial modules and novel laboratory PV devices to be represented.
Combined with current and voltage scaling on the battery side, this al-
lows batteries from mAh- or sub-mAh-scale laboratory formats to larger
devices to be tested as virtual components of a target PV-battery module.
In this way, batteries with different capacities can be exposed to oper-
ating conditions representative of real PV-battery prototype modules
under field operation, without requiring electrical or physical integra-
tion with an actual PV device.

The approach enables reproducible test scenarios with user-defined
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PV module, climate, load, scaling, and duration, allowing systematic
comparison of battery candidates under PV-integrated operating con-
ditions. We present the platform architecture, validate its electrical and
thermal response, and demonstrate its use with a single Li-ion cell under
a representative PV-module operating scenario. The resulting current,
voltage, state-of-charge, and charging-rate profiles are provided as a
reduced proxy for preliminary testing on conventional battery cyclers,
while full emulation remains necessary to capture real-time voltage-
feedback effects in direct PV-battery coupling.

The paper is organized as follows. Section 1 presents the testing
platform. Section 2 describes the measurement scenario. Section 3 in-
troduces PV-battery sizing and voltage-profile matching for direct
coupling. Sections 4 and 5 discuss the experimental results and evaluate
the platform performance under representative operating conditions.

2. Novel versatile testing platform for PV-Battery systems
2.1. Testing platform structure and duty cycle

The diagram of the developed novel testing platform is shown in
Fig. 1. It consists of four main components, including a thermal cham-
ber, a source measure unit (SMU), a data logger, and a PV emulation
code implemented on the computer. The battery under test is placed
inside the custom-designed thermal chamber. The chamber features an
automated cooling and heating system providing a controllable tem-
perature setting ranging from —15 °C to 70 °C. During the measurement,
a Keithley 2461 source measure unit (SMU) emulates the required PV
current voltage characteristics according to the algorithm programmed
with a Python script on the control PC. The SMU was operated in 4-wire
remote-sense mode, so the voltage was controlled and measured at the
battery terminals, minimizing the influence of ohmic voltage drops in
the connection leads on the emulated PV-battery operating point. The
PV emulator dynamically controls the SMU output to replicate the
current-voltage (I—V) characteristics of a PV module under target
irradiance and temperature conditions with accuracy on par with AAA
class solar simulator [32]. A temperature sensor close to the battery
measures its thermal state and transmits the signal to the proportional
integral derivative (PID), which controls the heaters and coolers in the
thermal chamber to smoothly reach the required battery temperature.
The thermal data are continuously recorded by a HIOKi LR8450 data
logger with high precision and a sampling rate of up to 1 ms.

Fig. 2 illustrates the duty cycle of the testing platform. The routine
starts with connecting the devices and is followed by the thermal
chamber's temperature stabilization. Once the initial desired tempera-
ture is reached, the emulator updates the PV I—V parameters (irradi-
ance, temperature) and estimates the initial operating point. The SMU
then performs the PV emulation phase, during which it continuously
adjusts the output current and voltage in accordance with the emulated
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Fig. 1. Novel testing platform for PV-battery systems. The platform comprises
a source measure unit (SMU) controlled by an emulation script on the computer
that acts as the PV module to charge the battery placed inside the thermal
chamber. The proportional integral derivative (PID) controller regulates the
heaters and coolers in the thermal chamber to smoothly reach the set temper-
ature. The data logger records the battery temperature, while the SMU provides
the charging data.
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Fig. 2. Block diagram of the duty cycle.

solar profile. Simultaneously, voltage, current, and temperature data are
acquired, stored, and updated in real time. Each emulation step is
repeated within a one-hour cycle until the complete PV charging profile
is executed. A more detailed description of the PV emulator will be
provided in the following section.

2.2. PV emulator

The PV emulator used in this study is a Python-based software
emulator built in-house. The emulator, shown in Fig. 3, can precisely
mimic the behavior of a photovoltaic cell or module under various
operating conditions and runs on off-the-shelf lab hardware. The
emulation algorithm is based on a solution previously developed at the
institute for testing electrochemical (EC) devices. The initial algorithm
starts by communicating with the source measure unit (SMU) to measure
the current and voltage in the system, also referred to as the working
point (WP). Based on this working point and a predefined set point
(Vioadolioado ), the IV curve of the EC cell is approximated using a straight
line. The resistance associated with this linear approximation is calcu-
lated as:

Vnow - VloadO
k= Inaw - IloadO (1)

The algorithm then determines the intersection between the pre-
loaded PV IV curve and the estimated EC cell IV curve by solving for the
voltage at which the following equation equals zero:

Voltage — Vipado
R

If the difference between the current WP and the desired WP exceeds
a predefined dead zone, the SMU is instructed to set the voltage to Vo,

VI(Voltage) — =0 (2)
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Fig. 3. Schematic illustration of the software-based PV emulator developed by
[32]. The emulator uses Python-based software and off-the-shelf laboratory
equipment to accurately replicate the current-voltage (IV) curve of a photo-
voltaic cell or module under various operating conditions. In this work, a
Keithley 2461 source measure unit (SMU) is used as the core device for
reproducing the PV I—V curves.

and the current limit to L.

This iterative approach gradually aligns the working point with the
IV curve of the PV module and maintains it there. An optimal choice of
(Vivados Tioado) further enhances the convergence speed of the algorithm
by improving the accuracy of the linear approximation of the EC cell IV
curve. However, when applied to battery systems, the use of a single
fixed set point (Vipadoliado) is N0 longer optimal, since the battery IV
curve continuously shifts during the charging process. To address this
limitation, several modifications were implemented to adapt the algo-
rithm for battery applications. Given that the battery IV curve is typi-
cally a steep line offset from the origin by the open-circuit voltage, the
selected current range plays a critical role in the accuracy of the mea-
surements. Consequently, the algorithm requires a predefined current
value I;q, which ensures that the battery IV characteristics are measured
under suitable conditions. In the new adapted algorithm approach, the
SMU voltage is first set to a maximum value V4, defined as a safety
parameter in the code, while the current limit is set to I, ensuring that
the SMU operates in current-limited mode. The resulting voltage and
current are recorded as Vpyand In,,. A second operating point
(Vioad1lioaa1) is then obtained by repeating the measurement with a
reduced current limit of I /2. Using these two points, the internal
resistance of the battery is calculated as:

R=— Vnow — Vloadl (3)
Innw - Iloadl

Instead of relying on a predefined Vjyqq0to compute the resistance, the
algorithm rather uses the measured working point and the calculated
resistance to determine Vj,.q0 according to:

fOT‘ IloadO =0 (4)

The emulator response time of approximately 1 s represents the
readjustment time after a new PV I—V curve is imposed and defines the
practical time resolution of the present setup. The platform is therefore
intended for long-duration PV-battery operating profiles with discrete
irradiance and temperature updates, rather than for studying high-
frequency oscillations or short transients with sub-second character-
istic periods. For profile steps of approximately 2 min or longer, the
readjustment time corresponds to less than 1% of the step duration and
is not expected to significantly affect cumulative coupling or energy
balance over the measurement period.

Vioado = Viow — InowR

2.3. Evaluation of the thermal chamber's temperature emulation
capability

The thermal chamber (Fig. 4) developed for the testing platform is
designed to mimic the temperature conditions experienced by a battery.
The temperature regulation is achieved using a Peltier element that
operates in both heating and cooling modes. Coupled to the chamber
and a PID controller, it allows for the application of controlled
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Fig. 4. Thermal chamber design and structure.

temperature profiles. To dissipate the heat generated on the hot side of
the Peltier element, a water-cooling system, assisted by a fan, is inte-
grated. The battery temperature is measured using a temperature sensor
placed directly on it. The measurement is transmitted to the PID
controller, which adjusts the power applied to the Peltier element in real
time to maintain the set temperature. An auxiliary heater is also inte-
grated to extend the thermal operating range and improve stability
during the heating phases.

To evaluate the thermal response and regulation capacity of the
developed thermal chamber, a tracking temperature experiment was
performed. The experiment consisted of applying a stepwise setpoint
temperature profile on the controller, increasing from —10 °C up to
70 °C and then gradually decreasing down to —20 °C, while measuring
the temperature on the internal mounting base of the thermal chamber.
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Fig. 5. Evolution of the temperature during the thermal chamber operation.
The orange curve represents the set temperature, while the blue curve shows
the measured temperature. The set temperature follows a stepwise profile
starting from —10 °C up to 70 °C and back down to —20 °C. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 5 shows the thermal behavior of the chamber during this experi-
ment. The orange curve represents the setpoint temperature, while the
blue curve corresponds to the temperature measured inside the
compartment. Over the entire range, the measured temperature follows
the set temperature closely, reflecting the good dynamic response of the
control system. Transient overshoots are observed at each plateau
transition; however, the maximum overshoot remains limited to
approximately +1 °C. The chamber heats from 20 °C to 70 °C in 16.19
min and cools from 70 °C to 20 °C in 15.98 min, showing similar per-
formance for heat injection and extraction in that temperature range
(heating rate ~ 3.09 °C /min, cooling rate ~ 3.13 °C /min). Cooling from
20 °C down to 0 °C takes 10.18 min, resulting in a cooling rate of
1.96 °C/min. Below 0 °C, the cooling capability decreases substantially
and takes a longer time, with approximately 21.9 min to cool down from
0 °C to —15 °C. Overall, the thermal chamber provides stable and ac-
curate thermal behavior, ensuring controlled experimental conditions
for the time scales typical of battery testing.

In the present configuration, the temperature is controlled and
measured at the battery surface or mounting position; battery core
temperature and internal thermal gradients are not directly measured,
so the imposed profile should be interpreted as a controlled module-
equivalent boundary condition rather than a full thermal model of an
integrated battery. Note that the PID-controlled chamber also compen-
sates possible internal battery heating at high charge or discharge rates
in order to maintain the prescribed PV-module temperature profile. The
experiment therefore approximates operation under a PV-module ther-
mal boundary condition; however, precise assessment of battery self-
heating, internal temperature gradients, and module-battery heat ex-
change would require physical PV-battery integration under field
conditions.

3. Measurement scenario
3.1. Irradiance, temperature, load power profiles
To demonstrate the practical application, functionality, and perfor-

mance of the developed platform, the latter was experimentally tested
under realistic operating conditions of a PV module installed in the
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region of Freiburg, Germany. The test scenario was generated using a
typical meteorological year (TMY) time series of irradiance and ambient
temperature obtained from the Photovoltaic Geographical Information
System (PVGIS), for the exact location at latitude 47.997° N and longi-
tude 7.868° E. One straightforward limitation of this time series is the
duration of one year, which is impractical in most cases. In order to
accelerate the test while maintaining a relevant variety of operating
conditions and satisfactory representativeness of the year, we selected a
subset of days distributed over the annual TMY dataset, resulting in a
representative seven-day time series. Hourly plane-of-array irradiance
and module temperature were computed from a Typical Meteorological
Year (TMY) dataset at optimal fixed-tilt orientation. The corresponding
maximum-power-point energy was accumulated into a two-dimensional
histogram over temperature and irradiance bins, forming an energy
distribution map that characterizes how annual energy output is parti-
tioned across operating conditions. A set of N equally spaced days
(spaced |365/N| days apart) was then slid across the year by varying the
start day offset, and for each offset the normalized energy distribution of
the selected days was compared to the full-year distribution via root-
mean-square difference, selecting the offset that minimizes this differ-
ence and yields a compact N-day profile faithfully reproducing the
annual operating conditions. The detailed selection procedure and the
complete hourly input dataset, including meteorological data, POA
irradiance, module temperature, and MPP power, are provided in the
Supplementary Information.

The meteorological data were used to calculate the plane-of-array
(PoA) irradiance and the PV module temperature using the pvlib li-
brary implemented in Python. The PoA irradiance was obtained by
transposing the measured global horizontal irradiance (GHI), direct
normal irradiance (DNI), and diffuse horizontal irradiance (DHI) onto
the tilted module plane. The PV module temperature was then estimated
using the Faiman temperature model, accounting for ambient air tem-
perature, wind speed, and PoA irradiance [33,34]. The resulting PoA
irradiance and module temperature were used to calculate the time se-
ries of PV I-V characteristics based on the CEC single-diode model, and
the module temperature is used as a setting for the thermal chamber to
represent thermal conditions of the PV module for the battery. The CEC
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single-diode model provides a standard and sufficiently accurate
description for the dominant energy-generating irradiance range
considered here; however, low-irradiance conditions may introduce
larger uncertainty due to shunt-related effects, and measured I-V curves
or more advanced PV models can be used as emulator input when higher
low-light accuracy is required. The load profile used in this study is a
representative household demand profile scaled so that its total energy
demand over the selected period matches the total PV energy produced
at the module maximum power point. As a result, the load demand
varies proportionally with the emulated PV production, increasing
during periods of high PV output and decreasing when the PV genera-
tion is low, thereby ensuring a realistic interaction between the load
profile and the PV emulation.

Fig. 6 presents the time series with all the realistic profiles used for
the measurements. The plane of array irradiation profile received by the
PV module (Fig. 6a) reveals significant variations in solar irradiance,
ranging from very low irradiance days to peaks reaching nearly 1000 W/
m?2. The module temperature (Fig. 6b) follows a similar trend, with in-
creases during irradiance peaks and decreases at night or during over-
cast days. In the case of PV module integration, the battery experiences a
thermal profile very close to the module temperature. Therefore, the
battery temperature is assumed to be identical to that of the photovoltaic
module during realistic measurements. Fig. 6¢ illustrates the load profile
used during the measurements. This is a standard daily profile of
household consumption applied identically over the study period.

3.2. IV curves generation for PV emulator

To provide input IV time series for the PV emulator, a complete set of
I—V curves was generated using the 7-day irradiance and temperature
profiles derived from the processed climatic dataset (Fig. 6). In this
work, we emulated the IV curves from the Neostar 3N54 AIKO-A-
MCE54Mw 495 W module. For each hour and over the 7-day period of
measurement, the irradiance and temperature values were processed to
generate the corresponding hourly PV IV curve. The resulting set of IV
curves (Fig. 7) reflects the hourly electrical response of the PV module
over the 7-day period of measurement under the considered climatic
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Fig. 6. Plots (a) and (b) show the plane-of-array (PoA) irradiance received by the PV module and the corresponding module temperature profile, respectively. These
profiles were obtained by rescaling several years of real meteorological data from Freiburg, Germany, to a representative seven-day sequence. Plot (c) illustrates the
standard daily household load profile over the same seven-day period, scaled to match the total PV energy produced at the module's maximum power point (MPP).
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Fig. 7. Hourly current-voltage (I—V) characteristics of a photovoltaic (PV)
module generated over the representative seven-day period using the plane-of-
array (PoA) irradiance and module temperature profiles shown in Fig. 6. The I-
V curves form the dataset used as input for the PV emulator.

conditions.
4. PV-Battery unit sizing and profile matching

A Li-ion battery (ref:ANR26650m1B) with 3.3 V nominal voltage and
2 to 3.6 V operation voltage range was used for testing in our study. To
safely charge the battery with the PV module, direct coupling requires
careful component matching. Particularly, sizing and voltage matching
are important. With PV-emulator, the matching and sizing can be per-
formed without the physical connection of battery cells in series or
parallel. The set of PV IVs can be scaled in terms of both current and
voltage to emulate proper coupling conditions. To guarantee high effi-
ciency of a PV-battery module the battery operating voltage range must
be close to the maximum power point (MPP) of the PV module [12].
Three PV-battery combinations with different battery sizes including a
1, 2 and 4-h batteries were explored. The size of the battery is defined
based on how many hours it takes to charge with nominal PV power
under standard test conditions. The term “1-h battery” denotes a battery
capacity sized relative to the PV system such that it can be fully charged
within one hour under standard PV operating conditions. For example, a
1 kWp PV system paired with a 1-h battery corresponds to a battery
capacity of 1 kWh. This time-based measure of PV-battery scaling can be
adjusted by changing either the PV nominal capacity or the battery ca-
pacity. Unlike conventional practice, where the battery is added to an
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existing PV system and scaled to its nominal power, the proposed testing
platform provides full flexibility on the PV side. As a result, batteries at
any research scale can be evaluated in the context of full-scale PV sys-
tems based on the target PV technology. The PV module sizing is done by
the scaling of the current and voltage of the PV module to match the
characteristics of the battery. For each battery size, the procedure con-
sisted of summing all PV power curves within the generated timeseries
(corresponding to IV curves in Fig. 7). This summation results in the PV
energy curve representing the dependence of the PV output energy on
the operating voltage over the entire period of operation. The IV set
presented in Fig. 7 results in the energy-voltage curves shown in a solid
blue line in Fig. 8a. To maximize the coupling of PV energy to the bat-
tery, the battery operating voltage should be aligned as closely as
possible with the PV maximum power region. An exact solution to the
coupling problem is impractical for real battery devices due to the
complex dependence of battery voltage on charge history, thermal his-
tory, state of charge, and state of health. From the PV perspective, a fully
rigorous solution is not required, as real ambient conditions are never
reproduced exactly. Instead, a practical approach relies on approximate
optimization using representative time series. The starting hypothesis
for this optimization is to ensure that the battery voltage operating range
covers the region of maximum PV energy output, as illustrated in Fig. 8a.
Here the dotted blue lines indicate the minimum and maximum battery
voltage, respectively, 2.8 V and 3.55 V chosen for the matching.

The PV energy available at the minimum and maximum battery
voltages, corresponding to the intersection points between the PV en-
ergy curve and the battery voltage limits, therefore represents key en-
ergy levels that characterize the effectiveness of the PV-battery
coupling. Therefore, the optimization aims to maximize the PV energy at
these two intersection points. This is achieved by progressively shifting
the PV energy curve so that both intersection energies are positioned as
close as possible to the maximum of the PV energy curve, while
remaining high and well balanced.

To test the initial hypothesis of optimal matching presented in
Fig. 8a, we defined an alternative set of operating conditions and per-
formed experiments with the battery voltage range shifted away from
the center of the PV maximum power region toward lower voltages
(2.8-3.55 V), as shown in Fig. 8b.

5. Results and discussion

5.1. Cycling of the PV-battery unit under realistic irradiance and
temperature scenarios

The results from the measurements performed by subjecting the
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Fig. 8. Profile matching between the PV module and a 2-h battery. Plot (a) shows the profile matching between the PV module and the 2-h battery for the safe
voltage matching range (2.8 to 3.55 V), plot (b) shows the profile matching with 5% deviation applied on the safe matching voltage range. The blue dashed lines
indicate the battery voltage range used for matching. The solid blue line represents the sum of all the PV IV curves generated in Fig. 7. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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battery to the conditions of a real PV module under realistic temperature
and irradiance scenarios are shown in Fig. 9. Results are presented for
emulation of three systems with different PV-battery scaling equivalent
to PV systems with 1, 2, and 4-hour batteries. Fig. 9a illustrates an
example of the operating power of the system elements in a 1 h battery
system. Maximum attainable PV power (PV MPP) and operating power
of PV, battery, and load are presented for the experiment emulating 7
days of operation. The power profiles in 2 and 4-hour batteries exhibit
similar trends and are presented in Supplementary fig. 1.

The results indicate that the PV module operates very close to its
MPP over the duration of the experiment, even in the absence of an MPP
tracking device. The battery absorbs the surplus energy (positive values)
and delivers it to the load during periods of deficit, which is reflected by
negative values in the battery power. The PV power coupling factors in
three PV modules with 1, 2, and 4-h batteries are shown in Fig. 9b, c, d.
The coupling factor (C) is obtained by the ratio between the power
delivered by the PV module at its working point (Pwp) and the maximum
power (Pypp) available under the same irradiance, and it is given by C =
Pwp/Pypp = Vwplwp/ Vvpplvipp- The periods of dawn, night, and dllSk,
characterized by minimum to no irradiation, are excluded for the clarity
of presentation. Overall, the coupling between the battery and the
module is high and often greater than 90% for the different battery sizes
tested, which reflects a good match between the PV module operating
voltage and the battery voltage. The coupling factor is generally very
high and close to 100% during the periods of major PV generation in the
day, explained by the proper alignment between the PV maximum
power point voltage (Vmpp) and the battery operating voltage. At the
beginning and the end of the days and during dense cloudy conditions,
the coupling factor can fall below 80% due to significant deviation of the
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Fig. 9. (a) Realistic cycling measurement with a 1-hour battery. The plot (a)
shows the power distribution in the PV-battery unit over the 7-day measure-
ment period. The coupling factor between the PV module and the battery as a
function of time is presented for (b) a 1-hour battery, (c) a 2-hour battery, and
(d) a 4-hour battery.
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PV working point from the battery voltage. These drops are marginal to
the energy coupling as the periods of low irradiance have little impact on
the resulting energy yield. Overall, over the 7-day period of measure-
ment, a good performance of the system is observed with a cumulative
coupling of 95.04%, 95.17%, and 96.75% reached, respectively, at the
end of the experiment for the 1, 2, and 4-hour batteries. This is a good
result comparable to the best MPP solutions in the literature, with an
MPP power efficiency of 93-96% [35,36].

According to the cumulative coupling (energy coupling) results we
can see that larger batteries promote coupling. This improvement can be
attributed to reduced magnitude and frequency of voltage variations in
the case of larger battery. Fig. 10 shows the battery voltage and current
for the three battery sizes tested. Daily, in all three cases, alternating
battery charging and discharging phases are observed. At the beginning
of the day, the gradual increase in solar irradiance leads to a simulta-
neous increase in the battery voltage and current, reflecting the charging
phase. On the other hand, at the end of the day, the decrease in
photovoltaic production causes a drop in these electrical parameters,
marking the transition to the battery discharging phase. The amplitude
of variation of these two electrical parameters is a function of the battery
size. We observe a gradual decrease in the amplitude of voltage and
current variations as the battery size increases. For the 1-hour battery,
there are significant voltage variations associated with high current
peaks of up to 0.6C, while the 2 and 4-hour batteries exhibit more
moderate voltage and current amplitudes of up to 0.3C for the 2-hour
battery and up to 0.15C for the 4-hour battery. A higher current rate
leads to an increase in the overpotential, which will increase the voltage
range and reduce battery round-trip efficiency. A wider battery voltage
range results in more frequent and stronger deviations of the operating
voltage from the MPP voltage of the PV module, thereby reducing the
coupling factor. Therefore, in the direct coupling approach, stable high
coupling is easier to achieve with a larger battery of 2-hour and beyond.
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Fig. 10. Battery voltage (blue) and current (red) against time over the 7-day
measurement period for (a) 1-hour battery, (b) 2-hour battery, (c) 4-hour bat-
tery. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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The evolution of the battery SOC for the three battery sizes is shown
in Fig. 11. The SOC is obtained by coulomb counting using the expres-
sion SOC =100 x (fIdt)/2.5. The charged/discharged capacity (Idt) in
Ah is divided by the nominal full capacity of 2.5 Ah and multiplied by
100 to obtain the SOC in %. Daily, as it can be seen in Fig. 11, the 1-h
battery (Fig. 11a), which is subjected to a higher current, is mostly
cycled from a low SOC to a high SOC compared to the others. We note an
almost total absence of the battery charging phase during the second day
for all three cases. Fig. 10 indeed shows that, during this period, the
battery voltage and current increased only slightly for the former and
remained at zero for the latter for all three cases. This behavior is
explained by the low irradiance during this period as demonstrated in
Fig. 6a. Therefore, the PV production is insufficient to simultaneously
charge the battery and supply the load. The PV production was also not
sufficient to charge the 4-hour battery during the third day. As observed,
a smaller battery undergoes more frequent cycling, operating over
nearly its entire capacity range. Although this allows for a higher utili-
zation of the available capacity and reflects typical household usage
patterns, this long-term situation accentuates electrochemical ageing
phenomena and therefore accelerates battery degradation. The com-
bined effect of C-rate, SOC swing, and PV-module temperature profile is
an important degradation-relevant condition that can be addressed with
the present platform in future dedicated ageing studies. The present
platform is focused on single-cell testing; pack-level effects such as cell
balancing or pack thermal management require future platform exten-
sions. Optimal battery size selection requires a compromise between
maximizing battery capacity and durability. From an energy efficiency
point of view, frequent and long periods of maximum or minimum
charge state indicate a loss of available energy during periods of high
generation and an inability to supply the load during battery-driven
operation when the battery capacity is insufficient. From this perspec-
tive, the 4-h battery represents very reliable short-duration storage,
providing sufficient energy to shift from surplus to deficit periods in
most cases.
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Fig. 11. Battery state of charge (SOC) over the 7-day measurement period for
(a) 1-h battery, (b) 2-h battery, (c) 4-h battery. The SOC was obtained by
dividing the charged/discharged capacity by the battery's nominal full capacity.
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The time series of battery operating conditions obtained from the PV-
driven test shown in Fig. 11 is provided in tabular form in the Supple-
mentary Material. This dataset can be used as a practical proxy for
preliminary evaluation and comparative screening of battery chemis-
tries without PV emulation, and can be implemented on conventional
battery cyclers to approximate PV-battery operating conditions. This
time series should be interpreted as a simplified proxy: while it enables
cycler-based screening, it does not reproduce the real-time PV-battery
voltage feedback and I—V operating-point formation captured by the
full emulation platform.

In the previous section (Fig. 8 and related discussion), we proposed a
straightforward approach for PV-battery energy coupling based on
aligning the battery operating voltage range with the region of
maximum PV energy output. This hypothesis requires experimental
verification. To this end, two experiments were conducted using a 2-
hour battery configuration. In the first case, the battery voltage range
was aligned to fully cover the PV maximum energy region. In the second
case, a 5% voltage shift was introduced, moving the battery operating
range toward the lower-voltage shoulder of the PV energy peak (see
Fig. 8) as a small but noticeable perturbation. The purpose of this shift
was to test whether the initial matching criterion, based on aligning the
battery operating voltage range with the maximum PV energy region,
indeed provides the best coupling. The shifted case therefore represents
an alternative PV-battery matching configuration with displaced voltage
alignment.

Fig. 12 shows the evolution of the energy coupling over the period of
measurement for the two matching conditions previously mentioned.
The reference matching is shown in red, while the blue curve shows the
case where a 5% deviation is applied to the reference matching voltage
range. For both cases, a noticeable degradation of the energy coupling is
observed at the beginning of the measurement, where the coupling
dropped to 89% and 73%, respectively, for the shifted and the reference
matching case. This results from the low irradiance observed during this
period, as it corresponds to early hours. As time progresses, the coupling
energy in both cases improves and stays above 92% over the rest of the
measurement period. Overall, both cases exhibit high energy coupling in
the end with a respective cumulative energy coupling of 95.17% and
97.06% for the reference and shifted case. The shifted case shows that
the initial maximum-energy matching criterion does not necessarily
define a unique optimum. In the tested scenario, cumulative energy
coupling remained high for both configurations and was slightly higher
for the shifted voltage alignment. Overall, the result suggests that the
tested 5% voltage shift had only a limited effect on cumulative coupling
in this specific scenario. At the same time, the method of optimal
coupling is yet to be developed, which will require more intensive ex-
periments to acquire more statistics. Overall, we observed that, from an
energy perspective, direct coupling between the PV module and the
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Fig. 12. Energy coupling over time comparison for the PV-2-h battery unit with
5% deviation applied on the reference matching voltage range (blue curve) and
without deviation (red curve). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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battery provides high coupling in a wide range of voltage and capacity
matching scenarios, indicating that direct coupling can remain effective
across the tested voltage and capacity matching scenarios.

5.2. Effect of battery size on PV utilization

A set of analyses was conducted to assess the effect of battery pres-
ence and size on the performance of a PV-battery system in terms of
effective utilization of the PV generation potential. The analysis focuses
on quantifying how many PV peak hours were effectively absorbed by
the load (delivered to the load) at different battery sizes. For each
configuration, namely, no battery, and batteries with 1, 2, and 4-hour
capacities, the energy delivered to the load was calculated by inte-
grating the load power over time as E = [Pdt. The energy obtained was
then normalized with respect to the PV peak power. The result,
expressed in hours, corresponds to the equivalent number of PV peak-
power hours delivered to the load.

The results obtained from this analysis are illustrated in Fig. 13. In
this figure, the yellow histogram bar represents the module's MPP
power, while the red, blue, and green bars show the equivalent hours of
PV peak generation absorbed respectively for the 1, 2 and 4-h battery.
The purple bar corresponds to the configuration without a battery. The
configuration without a battery means that the energy produced by the
PV module is transferred directly to the load. The introduction of a
battery, regardless of its size, has a significant impact on the number of
hours the PV peak generation is collected. The battery extends the
number of equivalent hours during which the peak PV generation is
collected, i.e., the degree of utilization of PV energy. With a battery, the
system can collect more than 13 h of peak PV generation, compared to
only around 6.5 h without a battery. Indeed, the battery acts as an en-
ergy buffer, absorbing excess energy during periods of intense sunlight
and releasing this energy during periods of reduced irradiance. By
comparing different battery sizes, the 4-hour battery shows a slightly
better ability to collect energy, however the gain is marginal as
compared to the 2-hour battery. Both histograms (blue and green) for 2-
hour and 4-hour batteries nearly overlap for most relative power levels,
indicating that increasing the storage capacity beyond 2-hour does not
significantly improve PV utilization in the studied case. While the
optimal battery size depends on system purpose, installation location,
and load profile, the 2-hour battery provides a good compromise for the
selected household-load scenario. Other load profiles, including

1 PV MPP Energy
12r — —— 1 hour battery
—— 2 hour battery |
—— 4 hour battery
L —— No battery J

PV peak hours collected [h]

0O N b O ®
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Relative power P/Ppy [-]

Fig. 13. Impact of battery presence and size on PV utilization. In yellow is the
energy at the PV module maximum power point. The pink histogram bar rep-
resents the equivalent hours of PV peak generation collected with a 1-hour
battery, the blue with a 2-hour battery, the green with a 4-hour battery, and
the red shows the case without a battery. In the no-battery case, the PV pro-
duction is considered directly delivered to the load. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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industrial demand or EV charging, require future dedicated studies
enabled by the platform.

The energy balance and the role of the battery size is analyzed
further by the energy profiles for different components of the PV-battery
unit. Fig. 14 shows the energy profiles evolution in the PV-battery unit
for (a) 1-hour battery, (b) 2-hour battery and (c) 4-hour battery. The
green curve indicates the ideal energy that would be harvested if the PV
always operated at its MPP, the red curve shows the energy generated by
the PV module (Epy), in blue is shown the energy delivered to the load
(Epoad) while in black is the battery energy (Epattery)- In all three cases,
the red curve (PV energy) gradually rises as the experiment progresses
and intermittently flattens out when there is no sufficient solar pro-
duction or in complete darkness. The blue curve (load energy) exhibits
the same stepped behavior as expected. The battery's energy (black
curve) fluctuates, increasing during charging and decreasing during
discharging. A flat trend is observed for Epagery in all three cases during
the second day, suggesting that the generated energy was not sufficient
to be delivered to the load as well as stored in the battery. This behavior
is in line with the previously discussed SOC progression, in which none
of the scenarios involved the battery charging during the second day.
The red (Epy) and green (Eypp), curves follow each other closely, which
as previously mentioned confirms that the PV system operates very near
to its maximum power point. This results in a respective energy coupling
of 95.04, 95.17, 96.75 for 1,2, and 4-h battery. Epoaq almost overlaps
with Epy, indicating that most of the energy produced by the PV is
delivered to the load. As the battery size increases, Ejaq shifts away
from Epy. This is because a larger portion of energy produced by the PV
module is stored in the battery rather than transferred completely to the
load and wasted whenever the intended load demand is less than the
produced PV power. This is noticeable by the larger fluctuations
observed for Epatrery in the case of the 4-h battery (plot c) compared to
the others. It confirms the strongest buffering effect of the larger battery,
as previously mentioned, allowing better coupling.

6. Performance of the testing platform in realistic scenario

The performance of the testing platform was evaluated using data
from the realistic measurement performed with the three PV-battery
configurations. It consisted of assessing the capability of the testing
platform to accurately reproduce the target current and voltage during
the PV-battery emulation. As a result, for each configuration, the cor-
relation between the target and the measured quantities for the current
and voltage was evaluated over the measurement period. This yielded to
the set of curves presented in Fig. 15 where the measured and target
value of current (top row) and voltage (bottom row) are presented for 1-
h battery (plots a, d), 2-h battery (plots b, e), and 4-h battery (plots c, f).
The Subfigures (a), (b), and (c) show that the measured currents closely
follow the target currents. In all three configurations, the points are very
close to the identity line, with minor deviations, mainly visible at high
amplitudes. Regarding the voltage (plots d,e,f), the platform exhibits an
even higher level of accuracy. Across all PV-battery configurations, the
measured voltage matches the target profile, confirming stable and ac-
curate voltage control independent of the operating scenario.

The errors between the measured and target cumulative charge and
cumulative energy during the charge and discharge phases are presented
in plots (a,b,c) and (d,e,f), respectively, in Fig. 16. The comparison be-
tween measured and target cumulative charge and energy demonstrates
very good agreement overall, with relative errors generally remaining
small, with only 1.5%, confirming the high accuracy of the measure-
ments. A larger deviation of about 6% is observed only for the 4-hour
battery during the discharge phase. This deviation can be attributed to
a charge deficiency, as the 4-hour battery did not deliver its full charge
once the experiment was completed. As indicated by the corresponding
energy profile (Fig. 14c), a portion of energy remained stored in the 4-
hour battery at the end of the experiment. Therefore, the observed de-
viation could reflect incomplete discharge rather than measurement
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Fig. 14. Energy evolution over time in the different components of the PV-battery unit for (a) a 1-hour battery, (b) a 2-hour battery, and (c) a 4-hour battery. The
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referred to the web version of this article.)
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inaccuracy. The platform was demonstrated using a lithium-ion cell

(ANR26650M1B) with a nominal voltage of 3.3 V and an operating
voltage range of 2.0-3.6 V. The cell was tested as a virtual component of
scaled PV-battery configurations using a representative seven-day irra-

7. Conclusion

In this work, we presented a flexible laboratory platform for testing diance and temperature dataset derived for a Neostar 3 N54 AIKO-A-
batteries under operating conditions relevant to PV-module-level direct MCE54Mw 495 W PV module in Freiburg, Germany. The emulator
coupling and thermal integration. The platform combines a software- reproduced the target electrical conditions with cumulative charge and
controlled PV emulator with a programmable thermal chamber, energy deviations of about 1.5%, while the thermal chamber followed
enabling batteries to be exposed to scaled PV I-V characteristics and PV- the prescribed temperature profile with a maximum overshoot of
module-equivalent temperature profiles under controlled and repro- approximately +1 °C. These results confirm that the platform can
ducible conditions. The approach is intended to support early-stage reproduce the selected PV-driven electrical and thermal boundary con-
screening of battery chemistries and cell designs before full PV-battery ditions with good accuracy.

prototype integration. Beyond platform validation, the case study illustrates how relative
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PV-battery sizing and voltage matching influence direct-coupling
behavior. Smaller battery configurations experienced stronger current,
voltage, and state-of-charge variations, while the tested 2-h and 4-h
configurations showed more stable operation under the selected sce-
nario. The voltage-shift experiment further showed that a 5% shift in the
investigated matching condition had only a limited effect on cumulative
coupling in this specific case. However, broader conclusions on optimal
battery sizing or voltage-matching tolerances require additional exper-
iments with different chemistries, voltage ranges, load profiles, climates,
and ageing conditions.

The battery operating conditions obtained under the PV-driven test
scenario are provided as a time series in the Supplementary Material.
This dataset can be used as a simplified proxy for preliminary evaluation
and comparative screening of battery chemistries on conventional bat-
tery cyclers. However, it does not reproduce the real-time PV-battery
voltage feedback and I-V operating-point formation captured by the full
emulation platform.
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